Abstract -Electron/hole lifetimes in thermally strained Ge layers on Si are deduced from time-resolved infrared pump-probe transmission spectroscopy. A doping scheme with ndoped Ge on intrinsic Ge yields maximum lifetimes of approximately 3 ns.
I. Introduction
Germanium is a promising candidate for the realization of a Si compatible light source, which could pave the way to bring optical interconnects onto CMOS chips [1] . To meet the conditions required for lasing, the band structure and carrier population has to be optimized, e.g. by tensile strain [2] and/or n-type doping [3] . Material quality plays an important role because long lifetimes of charge carriers are required for efficient lasing. This applies in particular to thin Ge layers grown directly on silicon where the recombination lifetime is dominated by crystal defects arising during misfit strain relaxation [4] . Here, we show an approach to extract lifetimes of excess charge carriers for Ge layers grown on Si by using infrared pump-probe transmission spectroscopy and highlight the influence of post-growth annealing and doping on carrier lifetimes.
II. Method
The measurements were performed at the X01DC beamline of the Swiss Light Source with the broadband synchrotron radiation as probe and a 100 ps Nd:YAG laser as pump with a variable delay time between pump and probe [5] . Recently, we extracted excess carrier densities from reflection measurements by analyzing the plasma resonance frequency [6] . Here, we show a different approach based on the shift of FabryPerot oscillations due to the pump-induced change in refractive index [7] . To extract the lifetimes of the charge carriers, we fit the time dependent relative peak shift with a function G(t) which takes into account a Gaussian pump pulse and a mono-or biexponential decay:
III. Samples
The investigated samples are depicted in Fig. 1 . Ge was grown on SOI wafers at 500°C with different doping schemes via low energy plasma enhanced chemical vapor deposition [8] , followed by thermal annealing cycles performed insitu between 600°C and 780°C to reduce the density of threading dislocations. After this treatment, thermal strain of typically 0.15 to 0.2% is obtained. For sample nGe/iGe, the thermal annealing took place before the doped layer was grown. 
IV. Results and Discussion
In Fig. 2 we show a typical broadband transmission spectrum (here for sample iGe) for various delay times between pump and probe. When pumping the sample, we observe strong absorption (i.e. decreased transmission) for energies below the direct band gap (0.8 eV) and bleaching effects at energies > 0.8 eV. The inset shows a close up of one of the Fabry-Perot peaks to visualize the shift of the peak position from 0.56 eV (unpumped) to 0.58 eV (0 ps delay, i.e. maximum time overlap of pump and probe) and
the subsequent relaxation towards the unpumped value for longer delay times.
Fig. 2:
Transmission spectra of sample iGe for varying delay times between pump and probe pulses.
The time-dependent relative peak shifts for samples iGe and nGe are shown in Fig. 3 for two different excitation powers. We find a lifetime of 2 ns for the intrinsic Ge layer, whereas the doped sample shows a rapid decay time of only 400 ps. At short times and high excitation densities (60 MW/cm 2 ), the decay time for sample iGe is also short (0.2 ns) which we attribute to Auger recombination, an effect becoming relevant at carrier densities > 5×10 19 cm -3 [6] . The decay time in narrow mesas was equivalent, suggesting that the free surface is not an important recombination channel. The rapid decay time for sample nGe cannot be attributed to the Auger process. We tentatively ascribe it to the formation of impurity complexes. During annealing, the solubility limit of P atoms (N 4×10 19 cm -3 ) might be exceeded, especially in the region close to the surface [9] . This hypothesis is supported by the observed distinct increase of the Ge film resistivity after annealing. The thermal annealing does not affect the doping of sample nGe/iGe and the obtained lifetime of 3 ns indeed even exceeds the value of the intrinsic sample (Fig. 4) . This increase might be explained by the induced built-in potential (c.f. Fig.  4) , which repels electrons from the defective Ge/Si-interface which dominates electron lifetimes in Ge-on-Si epilayers [4] . 
V. Conclusion
We investigated intrinsic and doped layers with different doping schemes by pump and probe transmission spectroscopy, where the longest lifetimes of 3 ns were found for a layer design with an n-doped Ge layer on intrinsic Ge.
